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ABSTRACT 
On sulphidation of pre-oxidized yttrium- 
implanted Incoloy 800H an improvement 
in sulphidation resistance is obtained. Pre- 
oxidized krypton-implanted alloy and 
aluminium-implanted alloy have sulphidation 
rates which are about the same as that of 
non-implanted pre-oxidized Incoloy 80OH. 
Scanning electron microscopy observations 
show that one of the effects of yttrium im- 
plantation is to decrease the corrosion rate 
at the alloy grain boundaries. 
1. INTRODUCTION 
The influence of ion implantation on the 
oxidation of various metals and alloys has 
frequently been reported. In particular, 
Bennett et al. [1-3] and Pivin et al. [4] 
have shown that implantation of yttrium 
or cerium leads to an improved oxidation 
resistance of Cr2Oa-forming alloys. Implan- 
tation of aluminium ions and noble gas ions 
has been found to result in little or no bene- 
ficial effect [ 1, 5 ]. The improved oxidation 
resistance of yttrium-implanted alloys is 
often attributed to a reduction in the out- 
ward diffusion of substrate metal ions. 
Little attention has been paid to the influ- 
ence of implantation on sulphidation. Re- 
cently a beneficial effect of yttrium implan- 
tation in Incoloy 800H if an oxidizing 
pretreatment was applied was reported [6]. 
In this paper the effect of ion implantation 
is reported more extensively for several con- 
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ditions. The influence of yttrium on the com- 
position and the structure of the protective 
oxide scale is also a main subject of this paper. 
2. EXPERIMENTAL DETAILS 
Incoloy 800H was received as bar material 
and contained the following main components: 
45 wt.% Fe, 20 wt.% Cr, 32 wt.% Ni, 1 wt.% Mn 
and 0.4 wt.% Ti. After heat treatment at 
1100 and 950 °C, followed by quenching in 
water, cylindrical samples were machined 
(diameter 5 mm; length, 20 mm). These were 
then ground on emery paper (600 grit) and 
polished with diamond paste (final pass, 1 pm) 
and A120 a (0.05 #m). Finally, they were 
cleaned ultrasonically in ethanol. 
All sides of the cylindrical specimens were 
implanted using the 110 keV implantation 
facility at he University of Groningen with 
Y203 plus CCI 4 as the starting material. In 
order to implant he cylindrical side homoge- 
neously, the specimens were rotated. The 
implanted ose was 1016 Y+ cm -2. The yt- 
trium distribution in the implanted pre-oxid- 
ized samples was investigated by means of 
Rutherford backscattering at the University 
of Groningen. Scanning electron microscopy 
(SEM) observations and energy-dispersive X- 
ray analyses of the oxide and sulphide scales 
were performed on a JEOL JSM-35CF instru- 
ment. By means of X-ray diffraction the phase 
composition of the oxide scales was investig- 
ated. Thermogravimetric measurements were 
performed using a Cahn-1000 electrical 
thermobalance. 
Sulphidation tests were carried out in two 
different atmospheres. At 640 °C, argon flow- 
ing at a rate of 11 1 h -I was bubbled through 
water at 15.0 °C and mixed with a gas consist- 
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ing of 95% H 2 and 5% H2S flowing at a rate 
of 3 1 h -1. In this atmosphere, Ps~ = 1.7 X 
10 -s atm and Po~ = 8.5 X 10 -26 atm. Other 
sulphidation tests were performed at 560 °C 
in a gas mixture of 78.3% At, 20.6% H 2 and 
1% H2S and containing approximately 100 
ppm 02 as an impurity for which the calcu- 
lated partial pressure values were Ps~ = 1.8 X 
10 -9 atm and Po~ = 10-32 atm. 
3. RESULTS 
3.1. Oxidation tests 
Before thermogravimetric sulphidation 
tests were carried out, an oxidizing pretreat- 
ment was applied. To compare the sulphida- 
tion resistance of unimplanted cylindrical 
samples, the oxide thickness hould be the 
same. 
On oxidation (in 02 at 1020 °C) of rec- 
tangular 10 mm X 8 mm X 3 mm samples 
which had been implanted with a dose of 
1016 Y + cm -2, a reduction in the oxidation 
rate was observed. The oxidation kinetics 
are shown in Fig. 1. The reduction in oxi- 
dation rate by 45% for implanted samples 
is in agreement with the values found by 
Pivin et al. [4] and Bennett et al. [3] for 
yttrium-implanted Cr203-forming alloys. 
Before sulphidation was carried out, un- 
implanted samples were oxidized for 3 h at 
960 °C and yttrium-implanted specimens 
were oxidized for 3 h at 1020 °C. On pre- 
oxidation, both aluminium-implanted samples 
and krypton-implanted samples howed no 
reduction in oxidation rate. For all samples 
a scale thickness of 1.4 pm was obtained. 
The absence of a change in oxidation kine- 
tics for aluminium-implanted and krypton- 
implanted alloys agrees with the results of 
the previous experiments of Antill et al. [5] 
and Bennett et al. [1]. 
3.2. Sulphidat ion tests 
The sulphidation of non-pre-oxidized 
yttrium-implanted samples does not result 
in a decrease in the sulphidation rate. How- 
ever, if an oxidizing pretreatment is applied, 
the reduction in sulphidation rate for 
yttrium-implanted Incoloy 800H is about 
70% after 50 h at 560 °C and at Po2 = 10-32 
atm and Ps: = 1.8 X 10 -9 atm. Aluminium- 
implanted pre-oxidized samples how no 
beneficial effect under these sulphidation 
conditions (Fig. 2). Krypton-implanted pre- 
oxidized samples have a sulphidation rate 
about the same as that of unimplanted sam- 
ples except for a small deviation at the 
beginning. 
Yttrium-implanted pre-oxidized samples, 
sulphidized at Po~ = 8.5 X 10 -2e atm and 
Ps2 = 1.7 X 10 - satm,  show complete protec- 
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Fig. 1. Thermogravimetric results for Incoloy 800H 
in an O2÷atmosphere at 1020 °C: curve 1, implanted 
(10 z6 Y "cm -2) sample; curve 2, unimplanted sample. 
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Fig. 2. Sulphidation at 560 °C in H2-H2S: curve 1, 
unimplanted sample; curve 2, aluminium-implanted 
sample; curve 3, krypton-implanted sample; curve 4, 
yttrium-implanted sample. 
tion for 25 h. The reduction in sulphidation 
rate is 95% for yttrium-implanted pre-oxi- 
dized samples after 50 h (Fig. 3). 
3.3. Rutherford backscattering 
Rutherford backscattering was applied to 
measure the yttrium distribution in the pro- 
tective oxide scale. Before pre-oxidation the 
sample was implanted at a dose of 10 is Y ÷ 
cm -2 and the oxide scale thickness after pre- 
oxidation was about 0.5 #m. The yttrium 
distribution after pre-oxidation is shown in 
Fig. 4. The yttrium in theoxide scale is con- 
centrated near the oxide-gas interface. This 
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Fig. 3. Sulphidation at 640 °C in H2-H2S-H20: 
curve 1, unimplanted sample; curve 2, yttrium- 
implanted sample. 
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Fig. 4. Yttrium depth profile in pre-oxidized Incoloy 
800H. 
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result is in agreement with the results of 
Bennett et al., who investigated yttrium and 
cerium distributions in oxide scales of im- 
planted 20 wt.% Cr-25 wt.% Ni niobium- 
stabilized alloys [3]. Bennett et al. concluded 
that most of the yttrium, implanted at a total 
dose of 1017 Y+ cm -2, remains in the outer 
1000 A for oxide scales up to 0.5 pm. 
3.4. X-ray diffraction measurements 
Changes in the scale composition were 
studied by means of X-ray diffraction. The 
ratios of the amount of spinel phase to the 
amount of Cr203 phase were measured by 
comparing the intensity of the spinel (311) 
reflection and the Cr203 (104) reflection. 
The exact spinel phase composition was not 
determined. Energy<lispersive X-ray analysis 
indicates that chromium and manganese are 
the main components in the spinel phase. 
Nickel and iron are probably also present 
in the spinel phase. Both the unimplanted 
and the yttrium-implanted specimens had an 
oxide scale thickness of 1.4 pm (Table 1). 
Although the intensity ratios cannot be strictly 
interpreted as molar ratios, the result shows 
that the amount of spinel phase in the oxide 
scale is increased because of yttrium implan- 
tation. This change in oxide phase ratios for 
Cr203-forming alloys due to yttrium ion 
implantation has also been observed by 
Bennett et al. [3]. 
3.5. Scanning electron microscopy observa- 
tions 
SEM observations were carried out to 
determine the influence of yttrium ion im- 
plantation on the size of the oxide grains. A 
decrease in oxide grain size due to yttrium 
ion implantation has recently been observed 
by Yang et al. [7] for an Ni-20wt.%Cr alloy 
and is often mentioned as an important fac- 
TABLE 1 
Ratios of the spinel (311) to the Cr203 (104) reflec- 
tions 
Specimen Ratio of  the spinel (311) to 
the Cr 20 3 (104) reflection 
Unimplanted 1 to 2 
Implanted with 1 to 1 
1016 y+ cm-2 
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tot in the oxidation kinetics of alloys. This 
decrease is considered to result in a more 
adherent and less porous oxide scale [8]. 
SEM observations were made of the grains 
of the initially formed oxide as well as of the 
outer oxide of an oxide scale 1.4 #m thick. It 
turned out that there is no significant differ- 
ence between the oxide grain size for yttrium- 
implanted samples and that for unimplanted 
samples. Figure 5 and Fig. 6 show the outer 
scales for unimplanted pre-oxidized Incoloy 
800H and yttrium-implanted pre-oxidized 
Incoloy 800H respectively. 
Although no differences in oxide grain 
size could be observed, important information 
from SEM observations was obtained. Oxida- 
tion of Incoloy 800H leads to increased cor- 
rosion at the grain boundaries of the austenitic 
alloy. This corrosion on the grain boundaries 
is much more pronounced for unimplanted 
than for yttrium-implanted samples (Figs. 7 
and 8). It was also observed that in yttrium- 
implanted samples the boundaries indicate 
that the alloy grain structure is not continu- 
ous in contrast with the corresponding situa- 
tion in unimplanted specimens. Also in 
unimplanted samples there are more lines 
indicating the alloy grain structure. No dif- 
ference between the alloy grain size for im- 
planted alloy and that for unimplanted alloy 
was observed on an etched cross-section of 
the samples. For implanted samples, only part 
of the alloy grain boundaries shows increased 
oxidation. 
4. DISCUSSION AND CONCLUSIONS 
Yttrium-implanted pre-oxidized Incoloy 
800H samples how better corrosion resist- 
Fig. 5. Outer oxide scale of an unimplanted sample. Fig. 7. Oxidized unimplanted sample. 
Fig. 6. Outer oxide scale of an yttrium-implanted 
sample. Fig. 8. Oxidized yttrium-implanted sample. 
ance in sulphidizing atmospheres than do un- 
implanted specimens. Aluminium implantation 
or krypton implantation of pre-oxidized 
Incoloy 800H does not have a beneficial 
effect on sulphidation. The agreement in 
sulphidation and oxidation rates for the 
various implanted elements trongly suggests 
that the mechanisms leading to an improved 
corrosion resistance are similar for both pro- 
cesses. Among the several explanations that 
have been suggested for the improvement in
the oxidation resistance of implanted alloys, 
radiation damage is not very likely since im- 
planted krypton, which should give as much 
radiation damage as yttrium, turns out to 
have little or no influence on the oxidation 
rate of stainless teels [ 5 ]. The change in oxi- 
dation rate due to yttrium implantation can- 
not be ascribed to a change in the oxide grain 
size, since oxidation of unimplanted material 
results in oxide layers with the same grain 
structure. Yttrium implantation of Incoloy 
800H was shown to influence the oxide com- 
position. The observed change in composition 
is probably not the main cause for the ob- 
served differences in kinetics because spinels 
are generally considered to be less protective 
than Cr203 as a result of a larger derivation 
from stoichiometry. 
SEM observations suggest that the reduc- 
tion in oxidation kinetics for yttrium-im- 
planted samples may be due to the reduction 
in alloy grain boundary diffusion. The reduc- 
tion in sulphidation rate may arise from the 
same cause since sulphidation also starts at 
the grain boundaries. 
After oxidation the implanted yttrium is 
present in the oxide and is concentrated at
the oxide-gas interface. The reason for this 
distribution is not fully understood and may 
be due to a displacement of relatively large 
Y2Oa particles by the growing oxide scales. 
The Y2Oa particles may indeed be large, in 
accordance with the results of Bennett et  al. 
[3, 9] who recently reported the observation 
of Y203 particles of 5000/k or more for an 
yttrium-implanted Cr2Oa-forming alloy. 
Young [10] observed a displacement of 
palladium markers by a growing oxide scale 
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and ascribed this phenomenon to the particle 
size also. 
It cannot be xcluded that some yttrium 
remains in the alloy or near the al loy-oxide 
interface. It has been observed that, at a cer- 
tain implanted yttrium dose for Cr203- form-  
ing alloys, a further increase in implantation 
dose does not result in a further improvement 
of the oxidation resistance [2]. This minimum 
dose may be effective at the oxide-al loy inter- 
face or on the alloy grain boundaries. 
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